To test the in vivo activity of Cytochrome P450 (CYP) 2E1 in obese children vs. nonobese children, aged 11-18 years. Secondly, whether the activity of CYP2E1 in these patients is associated with NALFD, diabetes or hyperlipidaemia.
Introduction
There is a lack of consensus on dose adjustments for specific drugs in obese paediatric patients. One of the main reasons is absence of clinical trials that can support evidence-based dosing strategies [1] [2] [3] .
The deficiency of trials has led to both over and under dosing of these patients [3] , as obesity is more than a biometric measure. Due to changes in anatomy and physiology, obese children may respond differently to pharmacological exposures [3] . Although total body weight is one of the most commonly used dosing metrics in paediatrics, it fails to account for changes in body composition and change in expression and activity of the cytochrome P450 enzymes [4, 5] .
Cytochrome P450 (CYP2E1) is a key player in the metabolism of endogenous substrates, including acetone and fatty acids and exogenous compounds, such as anaesthetics, ethanol, chlorzoxazone, tetrachloride, nicotine and paracetamol (USAN: acetaminophen) [6] . According to pain guidelines in children, the latter, is a commonly recommended as first line treatment for mild-to-moderate pain [7] , and is the most used drug in paediatric general medical wards [8] .
A recent study by Rongen et al. [4] investigated the pharmacokinetics of paracetamol in morbidly obese adult patients, with a specific emphasis on CYP2E1 mediated clearance (Cl). Paracetamol plasma concentrations were significantly lower in these patients. Although an increased dose of paracetamol may be anticipated to achieve a better pharmacodynamic response in obese patients, the authors warn against this, as the induced CYP2E1-activity may also worsening the safety profile of paracetamol due to higher concentrations of the toxic metabolite N-acetyl-p-benzoquinone (NAPQI) [4] .
In contrast, the CYP2E1-mediated clearance of volatile anaesthetics, including enflurane and sevoflurane may not be induced by obesity [9] . However, one study of obese Japanese adults, did find a higher clearance in mild obesity [10] .
CYP2E1 activity can be determined noninvasively by oral administration of chlorzoxazone (CLZ), a centrally-acting agent for treatment of muscle spasm [11, 12] . In humans, CLZ is selectively hydroxylated by CYP2E1 to 6-hydroxychlorzoxazone (6-OH-CLZ). The fraction of the administered dose recovered as 6-OH-CLZ times the total CLZ clearance can be used as an index of the CYP2E1 activity. Increased CYP2E1 activity in obese adult patients is by now well-documented by use of this method [4, [13] [14] [15] .
CLZ clearance was recently investigated in obese adults with nonalcoholic fatty liver diseases (NAFLD) [16] . Therein, there were no difference in CYP2E1 activity between the two subgroups nonalcoholic fatty liver and nonalcoholic steatohepatitis. However, the degree of infiltration was lower, patients with nonalcoholic steatohepatitis were significantly older compared with patients with simple steatosis [10] and none of the results were compared with nonobese patients [16] . Further, diabetes, increased serum triglyceride and serum cholesterol have been associated with increased CYP2E1 activity in adults [14, 17] .
During recent decades, obesity has increased alarmingly in children, along with an increased incidence of NAFLD [18] . In some studies, NAFDL has been recorded in up to 80% of obese children [19] , while the prevalence was estimated to be 68% in a Danish study [20] . CYP2E1 mediated clearance has never been investigated in obese children [21] . Since children have been obese for a shorter period of time extrapolation of results from obese adults may not be reliable [4] , as many of these children have not developed severe degrees of obesity-related conditions, such as NAFLD, hypercholesterolaemia and diabetes.
The aims of the present study were to test whether the in vivo activity of CYP2E1 is altered in children with obesity as compared with nonobese children, aged 11-18 years, and whether the activity of CYP2E1 in these patients is associated with NALFD, diabetes or hyperlipidaemia.
Methods
in the trial prior to entering treatment programme at the obesity clinic. Nonobese children were matched by age and sex.
Trial participants were included using the following criteria: (i) children aged 11-18 years, both sexes, of which girls had had their first period (Tanner stage 4); (ii) body mass index (BMI) standard deviation score (SDS) ≥2.33 for obese children and BMI SDS ≤ 1.28 for nonobese children corresponding to the 99th and 90th percentile, respectively. This is in accordance with the Danish age and sex-adjusted references [23] ; (iii) children not allergic to CLZ; (iv) children not on any medication that interferes with CYP2E1 drug metabolism; (v) children not having acute or chronic liver disease, kidney disease, dialysis or other chronic diseases -except for minor disorders e.g. allergy and rash; (vi) and pregnancy tests were performed in all females to exclude pregnancy.
Design and blood sampling
Prior to administration of CLZ, participants were asked to refrain from consuming any substances that would alter basal activity of CYP2E1 including alcohol for at least 72 h and smoking for at least 96 h [13, 24] . Following oral administration of 250 mg CLZ (tablet Klorzoxazon, Takeda), 2.5 ml blood samples were collected at prespecified time points: 10, 20, 30, 40, 50, 60, 90, 120 min and hourly during the next 4 h. Heparinized tubes were used and samples were centrifuged for 10 min, at -4°C, 2400 g and stored at -80°C until analysis. Urine was collected for 20 h in a container, the total volume measured and 10 ml aliquots, stored at -80°C, until analysis. All subjects underwent a health status test included past medical history, medications, and physical examination. A baseline blood sample was obtained for diabetic biomarkers (fasting glucose, insulin, proinsulin C peptide, fasting lipid profile [total cholesterol, low-density lipoprotein cholesterol (LDL), triglycerides, high-density lipoprotein cholesterol (HDL)], and liver biomarkers (alanine aminotransferase and aspartate aminotransferase, bilirubin, albumin). The updated computer model of homeostasis model assessment was downloaded from the internet (https://www.dtu.ox.ac.uk/homacalculator) and used to calculate the proxies of insulin resistance, β-cell function and insulin sensitivity from fasting plasma glucose, serum insulin, and c-peptide [25] . In addition, liver fat content (LFC) profile was determined (see below). All trial participants were asked about race, including origins of their parents and grandparents.
CLZ plasma and urine quantification CLZ and 6-OH-CLZ plasma and urine concentrations were quantified according to a previously published method [26] with changes with regard to the expected therapeutic concentrations. Urine samples (10 μl) were diluted in blank plasma (90 μl) and processed analogue to the pure plasma samples. In brief, liquid-liquid extraction was applied for clean-up of CLZ and 6-OH-CLZ in plasma. Samples (100 μl) were spiked with internal standards D 3 -CLZ and 13 C 6 -6-OH-CLZ (25 μl) and β-glucuronidase (200 μl/40 units) and incubated at 37°C overnight for conjugate hydrolysis. Subsequently tert-butylmethylether (2.5 ml) was added, shaken (10 min), and centrifuged (10 min, 3000 g). Supernatants were evaporated to dryness (40°C), reconstituted by adding liquid chromatography eluent, and injected (25 μl) into the liquid chromatography-tandem mass spectrometry (MS/MS) system, which consisted of a Surveyor autosampler, quaternary high-pressure liquid chromatography pump, and a TSQ 7000 triple stage quadrupole mass spectrometer (Thermo Fisher Scientific, Darmstadt, Germany). For chromatographic separation a Synergi Polar RP column (Phenomenex, Aschaffenburg, Germany) was used. The eluent consisted of acidified ammonium acetate buffer (A) and acetonitrile (B). For separation, a gradient programme at 0.5 ml min . The calibrated ranges for both analytes were 10.0-10 000 ng ml
with correlation coefficients >0.99. The overall accuracy varied between +0.1% and + 11.3%, and an overall precision ranging from 1.2% to 13.4%.
Assessment of hepatic fat
Magnetic resonance (MR) measurements were performed in 3T Achieva MR imaging (MRI) system (Philips Medical Systems, Best, the Netherlands) or in open 1T Panorama HFO MRI system (Philips Medical Systems, Best, the Netherlands) as described by Chabanova et al. [28] .
Liver fat fraction was measured based on a single voxel point resolved spectroscopy sequence. The water and fat peaks of the acquired spectra were fitted to obtain their areas using a standard postprocessing protocol for fitting metabolite peak areas available at the MRI systems.
The LFC was calculated according to the equation:
LFC ¼ fat peak area at TE ¼ 0 ms= fat peak area at TE ¼ 0 ms ð ½ þwater peak area at TE ¼ 0 msÞ Peak areas at TE = 0 ms were corrected for T2 relaxation effects for each peak using an exponential least-square fitting algorithm to the peak areas with the series of TE as described earlier [29] .
Pharmacokinetic analysis
The pharmacokinetic parameters were determined by standard noncompartmental methods, using R software (version 3.2.3); CRAN packet PKNCA (version 0.8.1) [30] .
The oral area under the plasma concentration-time curves (AUC) for CLZ and its 6-OH-CLZ metabolite were determined using the trapezoidal rule and extrapolated to infinity by a log-linear estimation of the terminal elimination rate constant (k) for each compound. An elimination half-life was obtained from the ratio ln2/k. The total oral clearance (CL/F) of CLZ was determined from the ratio of the administered oral dose (D) to the total area under the plasma concentration-time profile (AUC 0-∞ ) . The fractional clearance (Cl f ) by CYP2E1 by 6-hydroxylation, was estimated from the product of CL/F and the fraction (f e ) of the administered dose recovered as 6-OH-CLZ in the 0-20-h urine sample (AUC 0-20 ). Prior to the calculation of f e , the CLZ dose (mg) and 6-OH-CLZ (ng ml -1 ) were converted into in mmol l -1 , based on the molecular weight of CLZ [31] and 6-OH-CLZ [32] . An apparent volume of distribution (Vd) was determined from the ratio of oral clearance to the elimination rate constant.
Statistical analysis
Demographic data are presented as medians (ranges) or numbers (percentages) as applicable. Data management was conducted by using R (version 3.2.
3) The BMI SDS was calculated by the least means square method by converting BMI into a normal distribution by sex and age using the median coefficient of variation and a measure of the skewness [33] , based on the Box-Cox power plot based on Danish BMI charts [23] . Pharmacokinetic parameters were log10-transformed before inclusion in the analyses to approximate a normal distribution. The difference between the means of the groups was tested for significance using Student t test. The level of statistical significance was set at P < 0.05. The relationship between the CLZ CL and the independent variables BMI SDS, diabetic (DM) biomarkers, lipid profile (LP) and LFC were examined by multivariate linear regression analysis.
Sample size
The sample size calculation was based on results from independent control (nonobese adults) and experimental subjects (obese adults). The response within each subject group was previously found with a standard deviation of 1.17.
If the true difference of the CL/F the experimental and control means is 0.8 ml min -1 kg -1 , this study should include 34 experimental and 34 control subjects to be able to find significant differences with probability (power) of 0.8. The type I error probability associated with this test of this null hypothesis is 0.05.
Missing data
The proportion of missing data is presented in the result section. Data were handled as a full set analysis. To minimize missing data and avoid withdrawal bias, participants were replaced as soon as possible.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked corresponding to corresponding entries in http//www. guidetopharmacology.org, the common portal for data from the IUPHA/BPS Guide to PHARMACOLOGY [34] , and are permanently archived in the Concise Guide to PHARMACOL-OGY 2017/18 [35] .
Results

Patients and baseline characteristics
In total, 72 children were included. Two children withdrew from the study, both before administration of CLZ. Characteristics of all 70 participants (34 obese and 36 nonobese children) are presented in Table 1 . Thirty-five females and 35 males were included in the study, of whom 20 females and 14 males were obese. Sixty-seven children were of Caucasian origin. One nonobese child was of Asian origin, and two obese children had one parent of Asian and African origin, respectively. The two groups revealed significant differences in mean value of LDL and total triglyceride, although within range of the reference value, while HDL was significantly decreased in obese children. Total cholesterol did not differ between the two groups. Diabetic biomarkers insulin and proinsulin C peptide were significantly increased in obese compared to nonobese children, while fasting blood glucose and Hba1c levels were non-significant between groups. The two groups revealed no significant differences in liver blood tests (alanine aminotransferase, aspartate aminotransferase and bilirubin).
CLZ pharmacokinetics and in vivo CYP2E1 activity
In total, 894 blood samples and 63 urine samples were collected for pharmacokinetic analysis. CLZ pharmacokinetic data are summarized in Table 2 . The mean AUC 0-∞ value of CLZ was decreased by 46% in obese children compared to nonobese children, Figure 1 . The mean CLZ CL/F was increased two-fold in obese children compared to nonobese children, P < 0.0001 estimated in absolute values, and still significant different when adjusted for weight P < 0.0001, Table 2 and Figure 2 .
There was no difference in mean AUC 0-∞ of the main metabolite 6-OH-CLZ between the groups, P = 0.45. Further, the amount of 6-OH-CLZ recovered in the urine was not statistical different between the two groups P = 0.36. The fractional clearance by 6-hydroxylation (CYP2E1 activity) was increased 46% in obese children compared to nonobese P = 0.0001, Figure 3 , and 25% when adjusted for weight P = 0.02, Table 2 . The apparent volume of distribution (Vd) of CLZ was also about 41% larger in obese children, Figure 4 . Accordingly, the mean maximum plasma concentration (C max ) was decreased in obese children P < 0.0001, but the time to reach the maximum plasma concentration (T max ) of CLZ was not statistically significant between the two groups. Also, the mean CLZ t 1/2 value was increased in children with obese as compared to normal weight children, P < 0.001.
LFC
In total 30 children (18 obese) were MR scanned for liver fat content. Median value of liver fat content was twice as high in obese children, 1% (range 0.5-17.4%) vs. 0.5% (range 0.5-2.0%) in nonobese children. Hepatic steatosis was only found in five obese children (17%; 4.13-15), with mean BMI SDS 3.56 (range 2.73-4.24), four of whom were male.
Liver fat content was not associated with CLZ CL/F, see Figure 5 .
The effects of covariates (BMI SDS, DM biomarkers, LP and LFC) on CLZ CL/F
The relationships between the CLZ CL/F and the independent variables BMI SDS, DM biomarkers (serum glucose, glycosylated haemoglobin A1c, insulin, homeostasis model assessment insulin resistance), LP (LDL, HDL, total cholesterol, triglyceride), and LFC were examined by multivariate linear regression analysis. A statistically significant correlation was found between CLZ CL/F and BMI SDS [F(1, 0.1285) = 86.13, P < 0.0001], with an R 2, of 0.563, Figure 6 . Participant's predicted CLZ CL/F is equal to 10 2.30734 + 0.10129*BMI SDS ml min -1 . Participant's CL/F increased 26% for each SDS unit.
No statistically significant correlations were noted between any of the other covariates tested.
Discussion
The importance of induced CYP2E1 activity has been highlighted in adult obese patients in several studies [4, [13] [14] [15] . In the present study, obese children have an increased oral clearance and distribution of chlorzoxazone, indicating induction of CYP2E1 activity similar to the findings in obese adults. O'Shea et al. [13] found a 50% increase in weight normalized obese adults, which was slightly lower in obese children (30%). Correspondingly, Emery et al. found a 46% decline in CLZ Cl in morbidly obese patients, 1 year after gastric bypass surgery [15] . Moreover, the fractional clearance as a measure of CYP2E1 activity was also increased by >30% in the obese children. This induction was even more marked in obese adults approaching 60%, when using the same dosages of CLZ [13] . The mean BMI in the latter study was 44 kg m -2 , corresponding to extreme obesity [36] . Since a positive correlation between BMI and CYP2E1 activity exist [16] , this may explain some of the differences found between the two studies. Similar to Chtioui et al. [16] , we observed a positive correlation between CYP2E1 activity and BMI SDS in obese children. These results are also in line with Rongen et al., who found that lean bodyweight was a significant parameter for CYP2E1-mediated clearance of paracetamol in obese adults, by the use of population pharmacokinetic modelling [4] . The same authors found that obesity in adults leads to lower paracetamol concentrations and an accelerated formations of the NAPQI-conjugated metabolites cysteine and mercapturate metabolites [4] . It is currently unknown whether earlier and greater formation of the CYP2E1mediated metabolites may contribute to paracetamol hepatotoxicity [4] , or whether these findings will be similar in children. The latter is of clinical interest as paracetamol is often used as a painkiller in this group of patients. Figure 1 Chlorzoxazone (CZX) and 6-OHCZX concentration-time profile in obese and nonobese children, aged 11-18 years, after a single oral dose
CYP2E1 activity in obese children
In accordance with Rongen et al. [4] and O'Shea et al. [13] , we found that the C max values were substantially lower in obese children. An incomplete CLZ absorption would result in a decreased F, which could also explain the increase in CLZ CL/F found in the present study. However, the fraction of the dose absorbed did not appear to be reduced in obese children, as the fraction of the dose recovered into the urine was not significantly different between the two groups. Further, if the absorption of CLZ was delayed, a lower k a would have produced a decreased C max and an extended T max . However, T max was not statistically significantly different in obese children compared with nonobese children. Hence, the current findings may be explained by altered disposition kinetics rather than altered CLZ absorption. This was also supported by the fact that the apparent volume of distribution was increased 69% in obese children compared with nonobese 
Figure 3
Chlorzoxazone fractional clearance (CLZ Clf; log10 transformed) in obese and nonobese children (mean 2.41 vs. 2.15 ml min -1 , 95%
confidence interval 0.16-0.37, P < 0.0001)
Figure 6
Association of chlorzoxazone clearance (CLZ Cl; log10 transformed) with body mass index standard deviation score (BMI SDS), R 2 0.563, P < 0.0001 children, which is similar to the findings in obese adults by O'Shea et al. [13] . Presumably, this reflects the increased ratio of body fat to lean tissue in obese children, consistent with CLZ being a highly lipid soluble drug. Furthermore, a trend toward a longer t 1/2, has previously been found, and this was confirmed in our study. A significantly extended t 1/2 may reflect a relatively higher concomitant increase in Vd (ratio 2.5) rather than total CL/F of CLZ (ratio 1.8), as increased CL/F otherwise would reduce the t 1/2 value. In the study by Rongen et al., paracetamol t 1/2 was equal between obese and nonobese patients [4] , and this was explained by both Vd and CL being higher in these patients. Hence, the relative ratio may be drug dependent.
A reduced protein binding would increase the unbound CLZ fraction resulting in an increased CLZ intrinsic CL, and an increased CLZ Vd. Since, CLZ is a weak base and the concentration of α1-acid glycoprotein is double in obesity [37] an altered CLZ protein binding would have the opposite effect. This is supported by a study by Wang et al. [17] , who found CLZ Cl increased in obese adults with Type II diabetes as compared with healthy subjects, but no difference in the CLZ protein binding. Thus, the findings of the present study indicate that changes in CLZ CL/F reflect enhanced hepatic CYP2E1 activity.
The above findings may have clinical implications regarding drug overdose with paracetamol. First, as many treatment algorithms are based on an initial plasma sample of paracetamol [38] [39] [40] , which might not be very accurate in very obese children. Secondly, the upregulation of CYP2E1 may also be linked to increased paracetamol-induced hepatotoxicity [3] . Third, antidote dosing based on total body weight, such as in N-acetylcysteine administration, results in higher doses in obese children. A few case stories have been published, regarding fatality following administration of intravenous N-acetylcysteine administration in obese adults [3] . This is of concern, since obese adolescents represent a special population in medical toxicology, as they also have mental health risk factors (such as mood disorder) that increase their risk of drug overdose, as well as affecting their prognosis following overdose [3] .
Additionally, CYP2E1 is known to play a key role in the hepatotoxicity of ethanol and of other xenobiotics through generation of reactive oxygen metabolites [41] . In our study, 30% of the obese children, who had been MR scanned performed (in total 18 children), had steatosis. However, none of them exceeded 20%, and we did not find any association between CLZ CL/F and LFC, Figure 5 . This is in contrast to other studies that found that NAFDL were associated to the hepatic expression and activity of CYP2E1 [15, 42] . However, steatosis was much more pronounced in the obese adults involving more than 50% of the hepatocytes [11] .
Another cause of increased expression of CYP2E1 activity has been related to diabetes. Lucas et al. found increased CYP2E1 activity in both type I and II diabetic patients [14] , although an association was only confirmed in patients with a body mass ≥ 30 kg m -2 [17] . In the present study, we found higher insulin and a higher proinsulin C peptide level in obese children compared with nonobese children, but glucose was still within the same range between the two groups. In contrast, glucose levels were also increased in adult obese patients [14, 15, 17] . Interestingly, O'Shea [13] and Emery [15] argued that obesity may be a confounding factor when measuring the CYP2E1 activity in diabetes patients [13, 15] . Additionally, Lucas et al. found that CYP2E1 activity is positive correlated to BMI, serum triglycerides and serum cholesterols [14] . However, Wang et al. [17] did not find CLZ Cl to be significantly influenced by any of their examined covariates (weight, height, BMI, serum glucose, serum cholesterol and glycosylated haemoglobinA1c) [14, 17] . Although there are many similarities between obese adult and obese children in the CYP2E1 induced activity, pathophysiological changes related to obesity are not as pronounced in school-age children and adolescents as in adults. Data from adult data should therefore be extrapolated with caution.
Limitations
One limiting factor of this study is that we did not investigate the influence of growth and development in infants and young obese children to in relation to the other changes of pathophysiological kinetics. Furthermore, only a relative small proportion of the obese children were MR scanned. Thus, the number was too small to draw any conclusion about CLZ CL/F and LFC. The strength on the study is on the other hand, is the large number of participants, the high number of samples, and the homogeneity of ethnical background. Last, it should be noted that the definition of childhood obesity varies between countries, which should be considered when comparing studies.
Conclusion
Oral clearance of CLZ was increased approximately twofold in obese children, aged 11-18 years, as compared to nonobese children. This is most likely to be due to a clinical important increased CYP2E1 activity, and this needs to be accounted for in the treatment strategies for obese children.
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